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ABSTRACT: Ju v e n ile  oyste rs  C rassostrea g igas  cu ltu red  in  th e  B ay of M orlaix  (France) h a v e  su ffe red  
u n e x p la in e d  su m m er m orta lities  fo r over a  decad e . In th e  p re s e n t study , w e  te s te d  th e  h y p o th es is  th a t 
a  b a c te ria l p a th o g e n  cou ld  b e  re sp o n sib le  for th is ph en o m en o n . A  first a tte m p t fa iled  to  iso la te  a b a c ­
te r ia l p a th o g e n  from  m o rib u n d  or w e a k  oysters. O nly n o n -p a th o g en ic , p ro b ab ly  o p p o rtun is tic , b a c ­
te r ia  w e re  iso la ted . A s a n  a lte rn a tiv e  ap p roach , w e fo cu sed  on  oysters p re se n tin g  re d u c e d  stress- 
re sp o n se  cap ac itie s  (d e te rm in ed  by  c ircu la ting  n o ra d re n a lin e  m easu rem en ts) , a  ch a rac te ris tic  of 
ju v en ile  oysters e n te r in g  a n  early  p h a se  of th e  d isease . C u ltu re s  of b a c te ria l iso la tes o n  TCBS p la tes  
re v e a le d  th a t a  Vibrio  s tra in  w as  p re s e n t in  d isea sed  oysters a n d  scarce  o r a b se n t in  h e a lth y  oysters. 
E xperim en ta l in fec tions in d ic a te d  th a t th is  Vibrio  can  c a u se  m orta lities  of ju v en ile  oysters w h en  
in jec ted  a t c o n cen tra tio n s  ra n g in g  from  IO4 to  IO8 CFU o yste r-1. S im ilarly  to  th e  su m m er m orta lity  d is­
e a se , th e  Vibrio  iso la te  c a u se d  h ig h e r m orta lities a t h ig h e r te m p e ra tu re s ; ap p a ren tly , it co u ld  no t be  
tran sm itted  horizontally , it d id  n o t affec t a d u lt oysters a n d  it in d u c e d  s tre ss -re sp o n se  dysfunc tions in 
ju v en ile  oysters. P h en o ty p ic  a n d  g en o typ ic  charac te riza tio n s id en tif ied  th e  p a th o g e n  as Vibrio sp le n ­
didus. T ak en  to g e th e r, th e  p re s e n t re su lts  satisfy  K och's p o s tu la te  a n d  su g g e s t th a t th is  b ac te ria l 
s tra in  is p ro b ab ly  re sp o n s ib le  for th e  ju v en ile  oyster su m m er m orta lities  in  th e  Bay of M orlaix.
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INTRODUCTION

M ass m orta lities of Pacific oyste rs  C rassostrea g igas  
h av e  re p e a te d ly  o ccu rred  in  B rittany  (France) since  th e  
m id  e ig h ties . Losses (10 to  80%  of stock) only  affec t 6 
to 12 m o  o ld  oysters (so -ca lled  'ju v en ile ' oysters) ra n g ­
in g  from  5 to  40 m m  in  sh e ll le n g th  a n d  100 to  800 m g 
dry  w eigh t. O ld e r oysters a re  n o t a ffec ted . M ortalities 
occur d u rin g  su m m er (Ju n e  to  S ep tem ber), w h en  
w a te r  te m p e ra tu re s  e x c e e d  16°C (D eslou-Paoli e t al. 
1982). T h e  d isease  itse lf sh a re s  sev e ra l sim ilarities w ith

’Corresponding author. E-mail; poulet@sb-roscoff.fr

th e  so -ca lled  ju v en ile  oyster d isea se  (JOD) affec ting  C. 
virginica  s tocks cu ltu red  in  th e  n o rth  e a s te rn  U nited  
S ta te s  (Lee e t al. 1996). N otably , th e  m orta lity  ep isodes 
last re la tiv e ly  sh o rt p eriods of tim e (1 to  2 w k), a n d  fac ­
to rs su ch  a s  food  lim itation , o x y g en  d ep le tio n , salin ity  
a n d  te m p e ra tu re  varia tions do  n o t a p p e a r  to  be  d irec t 
c au sa l a g e n ts  of th e  m orta lities (S o le tchn ik  e t al. 1998, 
P ou le t e t al. 2000). A lthough  sev e ra l c au se s  h av e  b een  
a ttr ib u te d  to  th is  ty p e  of m orta lity  (Lee e t al. 1996), th e  
ac tu a l a g e n t of th e  d isease  of e ith e r  C. virginica  o r C. 
g igas  re m a in s  unknow n .

P re lim in a ry  exp erim en ts  h a d  sh o w n  th a t w h en  ju v e ­
n ile  oysters b e lo n g in g  to b a tc h e s  su ffe rin g  h ig h  m or­
tality  w e re  t r e a te d  w ith  an tib io tic  so lu tions, daily  m or-
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ta lity  ra te s  d e c re a s e d  w ith in  24 to  48 h  (P ou let e t al.
2000). A  sim ila r ap p ro ach  g av e  sim ilar re su lts  w h en  
ap p lied  to  C rassostrea virgin ica  to  e lu c id a te  th e  e tio l­
ogy of th e  JO D  (B oettcher e t al. 1999, E lston  1999b). In 
add ition , p rev io u s  s tu d ies  in d ic a te d  th a t 2 to  3 w k  
b e fo re  m orta litie s  occur, ju v en ile  oysters sh o w ed  signs 
of n eu ro e n d o c r in e  system  dysfunction . In d eed , th e  
s tre ss -in d u c e d  n o rad ren a lin e  (NA) re sp o n se s  w ere  
re d u c e d  in  th e se  oysters (C ueff e t al. 2000, L acoste  et 
al. 2000, P o u le t e t al. 2000). In th e  p re s e n t study , ju v e ­
nile oysters p re se n tin g  th is  ea rly  s ig n  w e re  se lec ted  to 
te s t th e  h y p o th es is  th a t a  b a c te ria l p a th o g e n  w as 
re sp o n sib le  fo r th e  ju v en ile  o yste r su m m er m orta lities 
o b se rv ed  in  th e  Bay of M orlaix.

MATERIALS A N D  METHODS

O ysters. T w en ty  b a tch e s  (n > 500 o rg an ism s p e r 
batch) of ju v e n ile  C rassostrea g ig a s  o y ste rs  o rig in a tin g  
from  d iffe ren t h a tch e ry  o r oyster farm  stocks w ere  
p la c e d  on a n  ex p e rim en ta l fie ld  site  in  th e  B ay of M o r­
laix  b e tw e e n  M ay a n d  S ep te m b e r 1999. T h e y  co n ­
sis ted  of 2 re fe re n c e  b a tch es, 1 w ild -c a u g h t b a tch  
(nam ed  B atch  B) a n d  1 h a tc h e ry  p ro d u c e d  b a tch  
(nam ed  B atch  V), w h ich  ex p e rie n c e d  low  m ortality  
(< 5% ), a n d  of 18 o th e r  w ild -cau g h t o r  h a tc h e ry  
p ro d u c e d  b a tc h e s  w h ich  ex p e rie n c e d  10 to  65%  m o r­
tality  (inc lud ing  B atch  RRB, w h ich  su ffe red  63 .75%  
m ortality). Ju v e n ile  oysters b e lo n g in g  to  b a tch e s  
ex h ib itin g  > 4 5 %  m orta lity  w e re  te rm e d  'n a tu ra lly  
in fec ted 1 oysters.

Iso la tion  of bacterial strains. A  first s e t of b ac te ria l 
s tra in s  w a s  iso la ted  from  20 to  30 m o rib u n d  o r g a p in g  
ju v en ile  oyste rs  b e lo n g in g  to  th e  20 b a tc h e s  p re s e n t on  
th e  e x p e rim e n ta l fie ld  site. A  seco n d  se t w a s  la te r 
iso la ted  from  10 RRB ju v en ile  oysters sh o w in g  s ig n s  of 
im p a ire d  s tre ss -re sp o n se  cap ac ity  (see below ).

Ju v e n ile  oysters (100 to 400 m g  d ry  w e igh t) w e re  
rem o v ed  from  th e ir  shells  a n d  m in ced  in  5 m l of s te rile  
seaw ate r. T h e  re su ltin g  so lu tion  w as v igou rously  
m ixed  for 1 m in  u sin g  a  v o rtex  m ixer an d  cen trifu g ed  
a t 200 X  g  for 5 m in  a t 4°C. T h e  p e lle tte d  tissu es  w ere  
d isc a rd e d  a n d  th e  su p e rn a ta n t w as  se ria lly  d ilu ted  
(1/10 to  1/106), sp re a d  onto  e ith e r  Z obell (G ibco) or 
TCBS (G ibco) a g a r  a n d  c u ltu re d  a t  17 to 18°C for 24 to 
48 h.

P athogen icity  assays. D om inan t co lon ies o n  Z obell 
or TCBS p la te s  w ere  iso la ted  a n d  c u ltu re d  in  liqu id  
Z obell (G ibco) for 24 h  a t 20°C. T h e  b a c te r ia l cu ltu res  
w e re  th e n  h a rv e s te d  in  s te rile  seaw a te r . Seria l 10-fold 
d ilu tions w e re  p re p a re d  a n d  ju v en ile  oysters C ras­
sostrea  g ig a s  b e lo n g in g  to  b a tc h e s  su ffe rin g  low  m o r­
tality  (< 5%  m ortality) w e re  in je c te d  w ith  IO4, IO6, IO7 
or IO8 C FU  oyster-1 (n = 20 to  30 oysters p e r  tre a tm e n t

u n le ss  o th erw ise  in d ic a te d )  in  th e  a d d u c to r  m uscle. In 
se p a ra te  e x p e rim en ts , 30 ju v en ile  o yste rs  w e re  incu ­
b a te d  in  300 m l of a  b a c te r ia l su sp en sio n  (IO6 CFU 
m l“1) for 30 m in. T h ir ty  ad u lt oyste rs  (25 to  30 g d ry  
w eigh t) w e re  also in je c te d  w ith  IO6 CFU  p e r  oysters in  
th e  ad d u c to r m u sc le . C o n tro l ju v en ile  a n d  adu lt 
oysters (n = 20 to 30) w e re  in je c te d  w ith  a n d /o r  incu ­
b a te d  in  s te rile  se a w a te r . Fo llow ing  b a c te r ia l injection, 
te s t a n d  con tro l o y s te rs  w e re  m a in ta in e d  in  sep a ra te  
po ly e th y len e  ta n k s  c o n ta in in g  110 1 of a e ra te d  an d  
con tinuously  flow ing (501 h “1) n a tu ra l  s e a w a te r  a t 7, 16 
o r 26°C  to  d e te rm in e  th e  effec ts of te m p e ra tu re  on  th e  
dev e lo p m en t of th e  in fec tion . F o llow ing  in cu b a tio n  in  
th e  p re sen ce  of b a c te r ia , ju v e n ile  oyste rs  w e re  m a in ­
ta in e d  a t 16°C in  a e ra te d  a n d  co n tin u o u sly  flow ing 
n a tu ra l seaw ater. T h e  n u m b e r  of d e a d  oysters w as 
d e te rm in ed  daily  o v e r a 5 to  10 d  p eriod , in  bo th  
ch a llen g ed  a n d  co n tro l oysters.

A m ong th e  ju v en ile  oyste rs  su b je c te d  to  an  in jection  
of IO6 CFU oyster“1, 10 to 12 in d iv id u a ls  w e re  sacri­
ficed  on  D ay 5 of ex p e rim e n ts  fo r ca tech o lam in e  q u a n ­
tifications (see below ).

S even  days a fte r th e  ex p e rim en ta l infection , oysters 
w e re  ex am in ed  fo r th e  p re se n c e  of b a c te r ia  u sin g  th e  
te ch n iq u e  d e sc r ib e d  above.

Stress lev e ls  and ca tech o lam ine m easurem ents. 
T h ese  m e a su re m e n ts  w e re  p e rfo rm ed  (1) on  ind iv idual 
ju v en ile  oysters of th e  RRB b a tc h  to  se lec t th o se  p re ­
sen tin g  re d u c e d  s tre ss -re sp o n se  cap ac itie s  a n d  (2) on 
10 to 12 ju v en ile  oysters am o n g  th o se  su b jec ted  to an  
in jec tion  of IO6 C FU  o yste r“1 to  d e te rm in e  th e  effec ts  of 
th e  iso la ted  b a c te r ia  o n  ju v en ile  oyste r stre ss -re sp o n se  
capacities . M o rib u n d  oyste rs  a n d  oysters p re se n tin g  
s igns of a d d u c to r m uscle  w e a k n e ss  (gap ing  oysters) 
w e re  ex c lu d ed  from  th e s e  ex p erim en ts .

C ircu la tin g  ca te ch o lam in e  (CA) levels w e re  m ea­
su re d  in  b o th  re s tin g  oysters (controls) a n d  in  oysters 
su b m itted  to  a p h ysica l s tre ss  (sh ak in g  th e  oysters for 
1 m in) to  d e te rm in e  th e ir  s tre ss -re sp o n se  capacities 
(C ueff e t al. 2000, P ou le t e t al. 2000, L acoste e t al.
2001). H em olym ph  (50 to 100 pi) w as  sa m p le d  from  th e  
perica rd ia l cavity  using  1 m l sy rin g es  a n d  26 G x V2" 
n eed le s . S am p les w e re  c en tr ifu g ed  a t 600 x g  for 
10 m in  to  rem o v e  th e  cells from  th e  hem o ly m p h  and  
ce ll-free  su p e rn a ta n ts  w e re  u se d  to  q u an tify  c ircu la t­
in g  CA levels. Fifty p i of 10 p g  p i“1 3 ,4 -d ih y d ro x y b en - 
zy lam ine  (DHBA) w as ad d e d . C A  w e re  th e n  ex trac ted  
by abso rp tion  on a lu m in a  a n d  C A  leve ls  w e re  d e te r­
m in ed  b y  liqu id  ch ro m a to g rap h y  w ith  e lec trochem ica l 
d e tec tio n  (G oldste in  e t al. 1981, L acoste  e t al. 2001). 
T he e lu tion  p e a k s  from  sam p les  w e re  sp ik e d  w ith  NA, 
ep in e p h r in e  a n d  d o pam ine  e x te rn a l s ta n d a rd s  (Sigma) 
fo r confirm ation  of th e ir  iden tity . O nly  N A  re su lts  a re  
p re s e n te d  in  th is report. O y ste rs  id en tif ied  as h av in g  a 
low  N A  re sp o n se  to  stress w e re  u se d  to  iso la te  po ten -
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tia lly  p a th o g e n ic  b ac te ria . N A  levels w e re  also d e te r ­
m in ed  5 d  a f te r  th e  oysters h a d  b e e n  ex p erim en ta lly  
in jec ted  w ith  e ith e r  b a c te ria l iso lates o r w ith  sterile  
s e a w a te r  for contro l.

P henotypic characterization . T h e  b a c te r ia l stra in  
sh o w in g  p a th o g e n ic  p ro p e rtie s  w as ch a ra c te rise d  by 
s ta n d a rd  p h ysio log ica l an d  b iochem ical te s ts  u sin g  th e  
API 20E (b ioM érieux , M arcy-l'E to ile , F rance), a cco rd ­
in g  to  th e  m a n u fa c tu re r 's  in s truc tions w ith  th e  m od ifi­
ca tions su g g e s te d  b y  M acD onnell e t al. (1982).

G enotyp ing. T h e  p a th o g e n ic  stra in  w as p re p a re d  for 
16S rD N A  analysis.

N ucleic acid  preparation: A  sing le  b a c te r ia  iso late  
w as g ro w n  o v e rn ig h t on  a  sa line  m ed ia  a t 20°C  (EPT 
N aC l 1% , BioRad, M a rn e  La C o q u ette , F rance). C ells 
w ere  h a rv e s te d  b y  cen tr ifu g a tio n  (3 m in a t 10 000 x g). 
G enom ic  D N A  w as p re p a re d  by u sin g  th e  W izard 
G enom ic  D N A  pu rifica tio n  sy s tem  (Prom ega, M adison , 
WI, USA) in  a c c o rd a n c e  w ith  th e  m an u fac tu re r 's  re c ­
om m endations, R e su sp e n d e d  DNA w as q u an tif ied  a t 
260 nm , a n d  50 n g  w e re  u se d  for th e  p o ly m erase  ch a in  
reac tio n  (PCR) am plification .

PCR am plification: T h e  PCR w as  ca rr ied  o u t on  a  
G en eA m p  2 400 PCR system  (Perkin E lm er C etus, 
N orw alk , C N , USA) w ith  th e  M icroS eq  B acteria  id e n ti­
fication  k it (P erk in -E lm er A p p lied  B iosystem  D ivision 
[PE-ABD], F o ste r City, CA, USA). T he 2 p rim ers  — 
0005F a n d  0 5 3 1R— u se d  a re  co m p lem en ta ry  to  a  
p h y lo g en e tic a lly  c o n se rv ed  po rtion  of th e  16S rD N A  
reg io n  a n d  a llow  th e  PCR am plification  of th e  first 
527 b p  of th is  g e n e  (Brosius e t al. 1978). P rim er fo rw ard  
(0005F) is c o m p lem en ta ry  to  th e  5 ' e n d  of th e  16S 
rRN A  g e n e , w h ile  P rim er re v e rse  (0531R) is co m p le ­
m e n ta ry  to  th e  3 ' e n d  of th e  opposite  s trand . PCR re a c ­
tion  w as  acco m p lish ed  by  a d d in g  2 p i of g enom ic  DNA 
(50 ng) ex tra c t p lu s  23 p i of w a te r  a n d  25 p i of PCR 
M aste r m ix  w h ich  in c lu d e d  b o th  p rim ers  in  0.2 p i 
M icroA m p PCR tu b e s  (PE-ABD). A  n eg a tiv e  con tro l 
(sterile d e io n ise d  w a te r) a n d  a  positive  con tro l 
(E scherichia coli g en o m ic  DNA) w ere  inc luded . T he 
reac tio n  w as  ru n  for 35 cycles: d én a tu ra tio n  w as  done  
a t 95°C  fo r 30 s, a n n e a lin g  a t 60°C for 30 s, a n d  e x te n ­
sion a t  72°C  for 45 s. A n in itia l 10 m in  d én a tu ra tio n  
s tep  a t 95°C  a n d  a  f in a l 10 m in  ex ten s io n  a t 72°C  w e re  
u sed . T h e  reac tio n  m ix tu re  w as  h e ld  a t 4°C u n til use. 
T he PCR p ro d u c t w a s  reso lv ed  for con tro l on  a 2%  
(w t/vol) a g a ro s e  g e l (Q uan tum  B io technologies Inc., 
M on tréa l, C an ad a ) in  l x  TBE co n ta in in g  e th id ium  b ro ­
m ide, a n d  v isu a liz ed  u n d e r  UV ligh t a t 260 nm . T he 
am p lifica tion  p ro d u c t w as  p u rified  on  M icrocon 100 
co lum n (A m icon M illipo re  C orp ., B edford, MA, USA) 
fo llow ing  th e  m a n u fa c tu re r 's  specifications.

C ycle sequencing: B oth s tran d s  of th e  PCR p ro d u c t 
w ere  s e q u e n c e d  on  a n  ABI Prism  377 D N A  se q u e n c e r  
(PE-ABD) w ith  th e  d R h o d am in e  d y e  te rm in a to rs  an d

p rev io u sly  d esc rib ed  p rim e rs . A ll n e c e ssa ry  re a g e n ts  
w e re  p ro v id ed  w ith  th e  M icroS eq  sy s tem  a n d  u se d  in 
acco rd an ce  w ith  th e  m a n u fa c tu re r 's  recom m endations.

Sequence data analysis: S eq u en ce  d a ta  w ere  v isu ­
a lly  a lig n e d  a n d  e v e n tu a lly  co rrec ted , w ith  th e  G en e  
Jo c k e y  II so ftw are  (Biosoft, C am b rid g e , UK) a n d  con ­
v e r te d  in to  P earson  fo rm a t. S e q u e n c e  in te rro g a tio n  
a n d  com parison  w as a c h ie v e d  b y  u s in g  th e  sea rch  p ro ­
g ram  BLAST 2.0 (A ltschu l e t al. 1990) to  ex p lo re  all 
av a ilab le  D N A  s e q u e n c e  d a ta b a se s  (G enB ank , EMBL, 
PDB a n d  DDBJ).

Statistics. All d a ta  a r e  p re s e n te d  a s  m e a n  a n d  s ta n ­
d a rd  e rro r  of a t leas t 3 ex p erim en ts , u n le ss  o therw ise  
in d ica ted . For co m p ariso n  of 2 m ean s , p a ire d  or u n ­
p a ire d  S tu d en t's  f-tests w e re  u se d  w h e re  ap p ro p ria te . 
F or m u ltip le  com parisons , th e  d a ta  w e re  an a ly sed  by 
1-w ay an a ly s is  of varian ce .

RESULTS 

A bundance and p a th ogen oc ity  of bacteria l strains

N u m ero u s  b ac te ria l co lon ies e x h ib itin g  v arious co l­
ors, sh a p e s  a n d  sizes w e re  iso la ted  from  m o rib u n d  or 
14 0 g ap in g  ju v en ile  oyste rs  b e lo n g in g  to  th e  20 b a tch es 
p re s e n t on  th e  ex p e rim en ta l fie ld  site . T w en ty  b a c te r­
ia l iso la tes  w ere  s e le c te d  am o n g  th e  m ost a b u n d a n t 
ty p es of colonies. E ach  of th e se  20 iso la tes  w as  u sed  in 
p re lim in a ry  (n = 5 oyste rs  a ssay -1) pa th o g en ic ity  
a ssays. N one of th e s e  20 iso lates w e re  p a th o g en ic  
w h e n  in je c te d  (IO7 C FU  oyster-1) to  ju v en ile  oysters 
(T able 1).

A s a n  a lte rn a tiv e  ap p ro ach , ju v en ile  oysters w ere  
th e n  s e le c te d  acco rd in g  to  th e ir  s tre ss -re sp o n se  c a p a c ­
ities (Fig. 1). A fter ap p lic a tio n  of a  physica l stress 
(sh ak in g  th e  oysters for 1 m in), c ircu la tin g  N A  levels 
in c re a se d  in  all oysters; how ever, d iffe ren ces  w ere  
n o ticed  b e tw e e n  oysters from  d iffe ren t b a tch es. In

Table 1. Crassostrea gigas. Cumulative mortality of juvenile 
oysters (n = 5 oysters sample-1) challenged with bacterial 
strains isolated from moribund oysters or oysters showing 
signs of adductor muscle weakness. In controls, sterile sea­

w ater was injected in place of bacterial suspensions

Bacterial isolates No. of dead juvenile oysters (n = 5)
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

Control 0 0 0 0 0 0
Isolate 1 0 0 0 1 1 1
Isolate 2 0 0 0 0 1 1
Isolate 3 0 0 0 0 0 0
Isolate 4 0 0 0 0 0 1
Isolate 5 0 0 0 0 0 0
Isolates 6-20 0 0 0 0 0 0
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Fig. 1. Circulating noradrenaline concentrations in reference 
(ref) juvenile oysters (Batches V and B; values are means and 
standard errors of 3 experiments with 10 to 12 oysters each) 
and in randomly sampled individuals belonging to Batch RRB. 
Lines indicate the normal noradrenaline basal level (NBL) 
and the normal noradrenaline level post-stress (NLPS) of ref­
erence batches. Stressed RRB oysters whose noradrenaline 
level was below the NLPS (individuals marked with a *) were 

selected for bacteriological analyses

re fe re n c e  o yste rs  (oysters from  B atches V  a n d  B), th e  
n o rad ren a lin e  co n cen tra tio n  re a c h e d  6131.52 ±
826.96 p g  ml-1 of h em o ly m p h  (B atch V) a n d  6392.26 ± 
912.82 p g  m l-1 of h em o ly m p h  (B atch B). T ak ing  into 
accoun t bo th  th e s e  m e a n  v a lu e s  a n d  s ta n d a rd  errors, 
w e  co n sid e red  th a t in  h e a lth y  ju v en ile  oysters, th e  n o r­
m a l n o ra d re n a lin e  co n cen tra tio n  shou ld  be  above 
5000 p g  ml-1 a fte r  th e  1 m in  stress .

In sev e ra l in d iv idua ls  from  B atch  RRB th e  stress- 
in d u ced  NA in c re a se  re m a in e d  s ign ifican tly  (p < 0.05) 
be low  th is n o rm a l th re sh o ld  (Fig. 1). T h ese  ind iv iduals 
w e re  th e n  se lec ted  a n d  h o m o g en ized  fo r b a c te ria l iso ­
lation. O n  Z obell p la te s , th e  n u m b e r  of co lon ies iso ­
la ted  from  th e  se lec ted  RRB ju v e n ile  oysters (1 to  6 x 
IO6 CFU  oyster-1) w as  m u ch  h ig h e r  th a n  th e  n u m b e r of 
co lonies iso la ted  from  th e  re fe re n c e  ju v en ile  oysters 
(IO3 to  IO4 CFU  oyste r-1). O n e  p a rticu la r b ac te ria l 
stra in , fo rm ing  la rg e  yellow  co lon ies, w as  d o m in an t on  
TCBS p la te s  c o rre sp o n d in g  to th e  se lec ted  RRB oysters 
w h e re a s  it w as  sca rce  o r e v e n  a b se n t in  th e  TCBS 
p la te s  co rre sp o n d in g  to  re fe re n c e  ju v en ile  oysters 
(B atches V  a n d  B). T h is s tra in , id en tif ied  as a  Vibrio  
spec ies since it g re w  on TCBS, w a s  iso lated , s u b ­
cu ltu red  in liqu id  Z obell a n d  p ro c e s se d  for p a th o g e n ic ­
ity  assays. Ju v e n ile  oyste rs  th a t  rece iv ed  in jec tions of 
th e  iso la ted  Vibrio  s tra in  a t  co n cen tra tio n s  of IO4, IO6 or 
IO8 CFU  oyster-1 su ffe re d  s ign ifican tly  h ig h e r (p < 
0.05) m orta lity  th a n  con tro ls (Fig. 2a). A t 26°C  th e  m o r­
ta lity  of c h a lle n g e d  ju v en ile  o yste rs  w as  sign ifican tly  
h ig h e r (p < 0.05), w h e re a s  m o rta lity  ra te s  rem a in ed  
below  10%  a t 7°C (Fig. 2c,e). T his te m p e ra tu re  effect 
w as  sim ilar to  th e  o n e  re c o rd e d  in  n a tu ra lly  in fec ted

oysters in c u b a te d  a t 16, 26 o r 7°C  (Fig. 2b,d,f). In c u b a t­
ing  ju v en ile  oysters in  300 m l of a  b a c te ria l su spension  
(IO7 CFU  m l-1) for 30 m in  h a d  no  effect on  m ortality  
(Fig. 2g), su g g e s tin g  th a t  th e  b a c te r ia l p a th o g e n  c a n ­
n o t b e  tra n sm itte d  horizon ta lly . F u rth erm o re , 2 y r old 
oysters in je c te d  w ith  IO6 CFU  o yste r-1 d id  n o t suffer 
h ig h e r  m orta lity  th a n  con tro ls (Fig. 2h).

Experimentally 
Infected oy ste rs

16°C

Naturally 
infected oysters

16-C

H 10’  CFU/oyater
□  10 CFU/oyttof 

10® CFU/oyuter

0 1 2 3 4 5 0 1 2 3 4 5

0 100100
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40 ■ 40
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Ex pori mon tally 
Infected adult o y ste rs

0 6 7 8 9 10

Incubation tima (days)

Fig. 2. Crassostrea gigas. Cumulative mortality in experimen­
tally (a,c,e) and naturally (b,d,f) infected juvenile oysters incu­
bated for 30 min in a bacterial suspension (IO6 CFU ml-1). 
Infected oysters were maintained at 16°C (a,b,g,h), 26°C (c,d) 
or 7°C (e,f). (g) Cumulative mortality in challenged adult 
oysters. In controls, sterile seaw ater was used in place of bac­
terial suspensions (h). As shown, sterile seawater induced 
very little or no mortality. Values are means and standard 
errors of 3 replicates except in (c) and (e), which are single 
experiments. All experiments w ere performed on 20 to 30 

oysters
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Fig. 3. Circulating noradrenaline concentrations in both rest­
ing and stressed oysters 5 d after injection of sterile seawater 
(Control) or challenged (IO6 CFU oyster-1) with the isolated 
Vibrio strain (Challenged). The dotted line indicates the nor­
mal noradrenaline level post-stress (NLPS) of reference 
batches (see Fig. 1). Values are means and standard errors of 

3 replicates (10 to 12 juvenile oysters in each replicate)

N A  quan tifica tio n s sh o w ed  th a t 4 to  5 d  a fte r  c h a l­
lenge , ju v en ile  oysters ex h ib ited  s ign ifican tly  (p < 0.05) 
im p a ired  s tre ss -re sp o n se  cap ac itie s  (Fig. 3). F u rth e r­
m ore, p h en o ty p ic  a n d  g en o typ ic  ch a rac te riza tio n s  (see 
below ) in d ic a te d  th a t  th e  sam e  p a th o g e n ic  Vibrio  
s tra in  cou ld  b e  re -iso la ted  from  th e s e  ju v e n ile  oysters.

F irst a ttem p ts  fa iled  to  iso la te  a b a c te r ia l p a th o g e n  
from  m o rib u n d  o r g a p in g  oyste rs  b e lo n g in g  to  20 
b a tch e s  p la c e d  on  an  e x p e r im e n ta l fie ld  site  in  th e  Bay 
of M orlaix  (Table 1). T h u s , a n e w  a p p ro a c h  w as u sed  
w h e re  b a c te ria l s tra in s  w e re  iso la ted  from  juven ile  
oysters sh o w in g  im p a ire d  n eu ro e n d o c r in e  responses 
to  a n  ex p e rim en ta lly  in d u c e d  stress  (sh ak in g  th e  oys­
te rs  fo r 1 m in). P rev io u s  s tu d ie s  h av e  d em o n s tra ted  
th a t n o ra d re n a lin e  in c re a se s  in  th e  h em o lym ph  of 
s tre ssed  oysters (L acoste  e t al. 1999, 2001). In oysters 
e n te r in g  a n  early  p h a s e  of th e  d isea se , th is  stress- 
in d u ced  n o ra d re n a lin e  in c re a se  is re d u c e d  (Lacoste e t 
al. 2000), su g g e s tin g  th a t  a n  im p a ire d  s tre ss  re sp o n se  
cap ac ity  is an  early  sy m p to m  of th e  ju v en ile  oyster 
su m m er m orta lity  d isea se .

In th e  p re s e n t study, ju v e n ile  oysters ex h ib itin g  th is 
early  sym ptom  w e re  s e le c te d  (Fig. 1) a n d  a  b ac te ria l 
stra in  b e lo n g in g  to  th e  g e n u s  Vibrio  w as  iso la ted  from 
th e  se lec ted  anim als. T h is s tra in  ex h ib ited  p a th o g en ic  
p ro p ertie s  w h en  in je c te d  to  h e a lth y  ju v e n ile  oysters at 
con cen tra tio n s of IO4, IO6, IO8 CFU  o yste r-1 (Fig. 2a).

Table 2. Phenotypic characteristics of the isolated Vibrio 
splendidus strain as determ ined using API 20E galleries

P henotyp ic and gen otyp ic  characterizations

R esults in  T ab le  2 p re s e n t physio log ica l an d  b io ­
chem ica l ch arac te ris tics  of th e  iso la ted  b a c te r ia l strain . 
T his s tra in  ex h ib ited  fe a tu re s  of b a c te r ia  b e lo n g in g  to 
th e  g e n u s  V ibrio  (A lsina e t al. 1994). S e q u e n c in g  of th e  
16S rD N A  re v e a le d  th a t th e  in p u t s e q u e n c e  p ro d u ced  
a  sign ifican t a lig n m en t w ith  th e  fo llow ing  re fe re n c e d  
seq u en ces : 100%  gbiU 64024.1IV SU 64024 Vibrio  sp. 
16S ribosom al RNA g e n e  a n d  99%  em blZ316- 
57IVS16SRRN V. sp len d id u s  (SCB8) g e n e  for 16S ribo ­
som al RNA.

D ISCUSSIO N

D uring  th e  su m m er of 1999, 30 d iffe ren t s tock-popu- 
la tions of ju v en ile  oysters C rassostrea g ig a s  w e re  m o n ­
ito re d  in  th e  Bay of M orlaix . O n e -th ird  of th e s e  p o p u ­
la tions ex h ib ite d  h ig h  m orta lity  ra te s  (40 to  80% ) an d  
th e  rem a in in g  tw o -th ird s  su ffe red  little  o r no  m ortah ty  
(0 to 15% ). P re lim inary  s tu d ies  (P ou let e t al. 2000) 
re v e a le d  th a t, as d em o n s tra te d  ea rlie r  w ith  C ras­
sostrea  virg in ica  (B oettcher e t al. 1999, E lston  1999b), 
an tib io tic - trea ted  ju v en ile  oysters C. g ig a s  su ffe red  
low er m orta lities  th a n  u n tre a te d  ones. T his re su lt 
su g g e s te d  th a t  a  b ac te ria l p a th o g e n  co u ld  be  involved  
in  th e  su m m er m orta lity  of ju v e n ile  C. g ig a s  in  th e  Bay 
of M orlaix.

Tests Results

Gram _
Motility -
Swarming +
Growth on TCBS +

Use of
Citrate -
Glucose +
Mannitol +
Inositol -

Sorbitol -

Rhamnose -
Saccharose +
Melibiose +
Amygdaline +
Arabinose -

Enzymes
Hydrolysine ONPG -
Arginine dihydrolase -
Lysine decarboxylase -
Ornithine decarboxylase -
Urease -
Tryptophane deaminase -
Gelatinase -
Cytochrome oxydase +

Production of
H2S -
Indole +
Acetoine (Voges-Proskauer) -
n o 2 +
n 2 -

Glucose oxydation +
Glucose fermentation +
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M oreover, m orta lity  ra te s  of ex p erim en ta lly  in fec ted  
oysters in c re a se d  a t h ig h e r te m p e ra tu re s  (Fig. 2c) an d  
d e c re a s e d  a t lo w er te m p e ra tu re s  (Fig. 2e). T his te m ­
p e ra tu re  e ffec t is a lso  o b se rv ed  in  n a tu ra lly  in fec ted  
oysters (Fig. 2b ,c,d). T h ese  re su lts  a re  co n s is ten t w ith  
th e  w e ll-a c c e p te d  id e a  th a t m ultip lica tion  of b ac te ria  
a n d  m ollusc  m orta lity  a re  lin k ed  a n d  te m p e ra tu re -  
d e p e n d e n t (F riedm an  e t al. 1991, R iquelm e e t al. 1995, 
L ee e t al. 1996).

T he p re s e n t re su lts  also show  th a t ju v en ile  oysters 
in c u b a te d  in  a  su sp en sio n  of th e  iso la ted  Vibrio  d id  no t 
suffer m orta lity  h ig h e r  th a n  contro ls (Fig. 2g). P rev ious 
e x p e rim e n ts  h a v e  show n  th a t h ea lth y  ju v en ile s  d o  no t 
su ffe r h ig h e r  m orta lities  w h e n  g ro w n  on  o yste r fie lds 
n ex t to  ju v e n ile s  ex h ib iting  h ig h  m orta lity  (Poulet e t al. 
2000). T a k e n  to g e th e r, th e s e  re su lts  su g g e s t th a t  th e  
b ac te ria  c an n o t b e  tra n sm itte d  horizontally .

In  ad d itio n , ex p e rim en ta lly  in fec ted  2 y r old oysters 
d id  n o t su ffe r s ig n ifican t m orta lity  (Fig. 2h), w h ich  is 
co n sis ten t w ith  o th e r  s tu d ies  show ing  th a t  o y s te r su m ­
m er m orta litie s  a ffec t 6 to  12 m o old ju v en ile  oysters 
b u t n o t o ld e r  sp ec im en  (M artin  e t al. 1999, P ou le t e t al. 
2000 ) .

T h e  u se  of h o rm o n a l stress ind ica to rs sh o w ed  th a t 4 
to 5 d  a fte r  ch a lle n g e , in fec ted  ju v en ile  oysters e x h ib ­
ite d  re d u c e d  s tre ss -re sp o n se  cap ac itie s  (Fig. 3). This 
re su lt in d ic a te d  th a t th e  iso la ted  Vibrio  s tra in  in d u c e d  
sim ilar sym ptom s to  th e  ones o b se rv ed  in  n a tu ra lly  
in fec ted  ju v en ile  oysters. M oreover, th e  b a c te ria l 
p a th o g e n  w a s  re - iso la te d  from  ex p erim en ta lly  in fec ted  
ju v en ile  oysters. T a k e n  to g e th e r, th e se  re su lts  satisfy  
K och's p o s tu la te  a n d  su g g e s t th a t th e  iso la ted  Vibrio  is 
a  p ro b a b le  ca u sa tiv e  a g e n t of th e  ju v en ile  C rassostrea  
g ig a s  m orta litie s  o b se rv ed  in  th e  Bay of M orlaix  d u rin g  
su m m er 1999.

P h en o ty p ic  (T able 2) a n d  g en o typ ic  ch a ra c te r iz a ­
tions p e rm itte d  id en tif ica tio n  of th e  p a th o g e n  a s  Vibrio  
sp len d id u s. V ibriosis is k n o w n  to  affect a w ide  ra n g e  of 
fish  (E gid ius 1987, D igg les e t al. 2000), c ru s ta c e a n  
(Leano e t al. 1998) a n d  shellfish  (Jeffries 1982, 
B olinches e t al. 1986, B orrego  e t al. 1996, N ico las e t al. 
1996, L am b ert e t al. 1998). V. sp len d id u s  h as b e e n  
a sso c ia te d  w ith  tu rb o t la rv a e  m orta lities  (Farto  e t al. 
1999, G a te so u p e  e t al. 1999) a n d  scallop  d ise a se s  
(L am bert e t al. 1999). In oysters, V. sp len d id u s  h a s  
b e e n  iso la ted  from  C rassostrea virginica  an d  C. g igas  
la rv a e  e x h ib itin g  h ig h  m orta lity  in  h a tch e rie s  (Sugu- 
m ar e t al. 1998, E lston  1999a,b). In ad u lt oysters, V. 
sp le n d id u s  w as  sh o w n  to  accu m u la te  no tab ly  in  th e  
g o n ad , w h ich  led  S u g u m ar e t al. (1998) to su g g e s t th a t 
th is  p a th o g e n  co u ld  b e  tra n sm itte d  vertically .

F u r th e r  w o rk  is in  p ro g re ss  to  d e te rm in e  th e  p r e ­
v a len c e  of th is  Vibrio sp le n d id u s  s tra in  in  oyster s tocks 
c u ltu re d  in  th e  B ay of M orlaix . To d a te , it a p p e a rs  th a t 
th is  p a r tic u la r  s tra in  w as  d e te c te d  in  a ll th e  m o n ito red

o yste r stocks th a t su f fe re d  h ig h  m orta litie s  d u rin g  th e  
su m m er of 1999. R ep e titio n  of th e  ex p erim en ts  d u ring  
su m m er 2000 co n firm e d  th ese  resu lts .

R ecen t s tu d ies  h a v e  show n th a t o yste r d e fen ses  
ag a in s t b ac te ria l p a th o g e n s  su ch  as v ib rios a re  in flu ­
e n c e d  b o th  by  e n v iro n m e n ta l a n d  physio log ica l p a ra ­
m e te rs  (V olety e t al. 1999). F u rth e rm o re , th e  o u tb reak  
of d is e a se  a n d  stress a r e  lin k ed  in  m olluscs (Bricelj e t 
al. 1992, L ee e t al. 1996, F ried m an  e t al. 1999, C h en ey  
e t al. 2000). As a  c o n se q u e n c e , poss ib le  re la tions 
b e tw e e n  en v iro n m e n ta l factors, th e  physio log ica l s ta te  
of th e  ju v en ile  o y s te rs  an d  th e  p a th o g en ic ity  of the  
b a c te r ia  a re  u n d e r  in v es tig a tio n . T h e  m o d e  of ac tion  of 
th is p a th o g e n  is also b e in g  stud ied .
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